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Abstract

:

Copper-based zeolite catalysts are widely used in methanol synthesis from methane oxidation, but their photothermal catalytic properties have seldom been explored. This study examines the effect of the preparation method on Cu-based zeolite composite graphite-phase carbon nitride catalysts (Cu-MOR/g-C3N4) for direct methanol synthesis from methane oxidation by photothermal catalysis. Four different preparation methods are employed: liquid phase ion exchange (Cu-MOR/g-C3N4-IE), isovolumetric impregnation (Cu-MOR/g-C3N4-IM), solid-state ion exchange (Cu-MOR/g-C3N4-GR), and hydrothermal synthesis (Cu-MOR/g-C3N4-HT). Cu-MOR/g-C3N4-IE shows the highest methanol yield (3.09 μmol h−1 gcat−1) due to strong interactions between the CuxOy species and g-C3N4, as well as smaller interfacial charge transfer forces. This study provides a new method for the design and synthesis of catalysts for the conversion of methane.
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1. Introduction


Methane is a valuable fossil resource, widely available in natural gas, coalbed methane, shale gas, and methane hydrates [1,2,3,4]. Methanol synthesis from methane is a promising method that efficiently utilizes natural gas and produces valuable chemicals [5]. However, the conventional method of methanol synthesis involves indirect generation through syngas, which is a complex process requiring high temperature and pressure and results in energy waste [6]. Therefore, researchers have been working to develop a direct methane oxidation method that can synthesize methanol through a new reaction process or catalyst at lower temperatures. However, this method faces two major challenges: first, the high dissociation energy of 435 KJ/mol is required for the C-H bond of methane [7], and second, the kinetics of selective oxidation of methane to methanol is slower than the over-oxidation of methanol [8]. On the other hand, the selective oxidation of methane to methanol is kinetically slower than the over-oxidation of methanol. Therefore, finding a new reaction process or catalyst to achieve methane oxidation in methanol synthesis is of great significance.



Inspired by the natural methane monooxygenase (MMO), some researchers study methane oxidation at low temperatures (<200 °C) on iron-cobalt or copper-loaded zeolites with O2 or N2O as the oxidant [9]. This is because they have similar metal-oxo structures and methane activation mechanisms to the MMO enzyme systems [10]. Among these catalysts, copper-based zeolite (eg. zeolites, MOR and SSZ-13) catalysts are currently the most excellent catalysts with O2 as the oxidant [11,12,13,14]. It is generally accepted that small CuxOy species confined in molecular-sized micropores are the active center of the reaction. The 8-membered ring of mercerized zeolite (H-MOR) has a high concentration of skeletal Al, and the Cu species generated after ion exchange not only achieve their uniform distribution but also achieve a high concentration of these sites, leading to higher catalytic activity. At the same time, the 8-membered ring structure of H-MOR provides suitable conditions for the stable presence of the active Cu species [13]. The 8-membered ring structure of H-MOR is similar to the hydrophobic cavity of pMMO and enables the stable presence of active Cu species [15].



Graphite-phase carbon nitride (g-C3N4) is a desirable catalytic material due to its excellent chemical stability, low raw material cost, and easy synthesis [16]. Cu2@C3N4 has been used as an advanced catalyst for CH4 oxidation, while copper-dimer catalysts have also demonstrated high selectivity for partial oxidation of methane using hydrogen peroxide and oxygen as oxidants under both thermo- and photocatalytic reaction conditions [17]. Furthermore, Cu-P-g-C3N4 and Au/Pd/gC3N4NTs have shown excellent CO conversion efficiency during CO oxidation using oxygen as the oxidizer [18,19].



Most studies of methanol synthesis from methane oxidation involve a multistep process. Typically, the process requires the introduction of O2 or N2O at high temperatures for activation, followed by the introduction of CH4 at low temperatures to the reactor, and finally the extraction of methanol using water or other solvents [10]. The activation temperature is usually higher than the reaction temperature and extraction temperature (~500 °C vs. ~200 °C). Thus, the reaction is divided into three sections, and it is a stoichiometric reaction. However, in recent years, some researchers have attempted to study direct methanol synthesis from methane oxidation at the same temperature [20,21]. Cu-ZSM-5, Cu-MOR, and Cu-SSZ-13 have been studied as catalysts for this process, resulting in methanol yields of approximately 1.81, 0.85 and 6.05 μmol h−1 gcat−1 with CH4, H2O, and O2 as the feed at 200 °C. The primary source of oxygen for methanol production is H2O [22]. As the reaction temperature increases, the methanol yields are 7.80 μmol h−1 gcat−1 at 270 °C [21] and 194.52 μmol h−1 gcat−1 at 300 °C on Cu-SSZ-13 [22].



In recent years, researchers have become increasingly interested in novel catalytic methods that combine multiple techniques, including thermal catalysis, photocatalysis, and electrocatalysis. These hybrid approaches offer several benefits, including exploiting the unique strengths of each method and exhibiting a significant synergistic effect [23]. Photothermal catalysis is a novel catalytic method, which is a synergistic coupling of photocatalysis and thermal catalysis [24]. Photothermal catalysis has distinct advantages over a simple linear combination of these two methods, including enhanced performance due to the synergistic effect and improved selectivity in some cases, which inhibits catalyst deactivation [25]. As a result, photothermal catalysis has been widely investigated for a range of chemical reactions, including carbon dioxide reduction, hydrogen production, volatile organic compound degradation, and organic synthesis [26,27,28,29,30,31]. To effectively convert methane, extensive research has been done by photothermal catalysis in the batch reaction [17]. However, the use of photothermal catalysis in continuous reactions, particularly in direct methanol synthesis from methane oxidation on copper-based zeolites, is currently limited.



Catalyst preparation methodology significantly affects a catalyst’s physicochemical and catalytic properties, which can impact its effectiveness in a reaction [32,33,34,35]. As an example, synthesizing aluminum-oxide (Al2O3) support by modified sol-gel, reflux and hydrothermal method to study Al2O3 and potassium iodide Al2O3-supported (KI/Al2O3) catalytic transesterification of sunflower oil [33]. Given the impact of preparation methodology on catalytic performance, this study aims to investigate the influence of preparation methods on photothermal catalysts’ activity. In a fixed-bed reactor, we examined the process of Cu-MOR/g-C3N4 photothermal catalytic direct methanol production from methane at a low temperature using O2 as the oxidant with a range of different preparation methods for Cu-based zeolite catalysts. The production of methanol via photothermal catalysis is a first-time application of Cu-based zeolite catalysts.




2. Results


The methanol synthesis activity of Cu-MOR/g-C3N4 composite catalysts prepared by different methods was compared for photothermal catalytic methanol synthesis from methane oxidation. Figure 1 shows that the methanol yield of the catalysts varies significantly. The methanol yields of the catalysts are in the order: Cu-MOR/g-C3N4-IE (3.09 μmol h−1 gcat−1) > Cu-MOR/g-C3N4-IM (2.59 μmol h−1 gcat−1) > Cu-MOR/g-C3N4-GR (2.45 μmol h−1 gcat−1) > Cu-MOR/g-C3N4-HT (1.57 μmol h−1 gcat−1). Therefore, Cu-MOR/g-C3N4-IE exhibited the best photothermal catalytic activity. Then, the difference in methanol yield on Cu-MOR/g-C3N4 prepared by different methods between photothermal and thermal catalysis is studied (Table 1). It is interesting to note that the methanol yield on the four catalysts by photothermal catalysis is higher than that by thermal catalysis (Figure S1). Therefore, visible light is beneficial to improve the yield of methanol. The photothermal efficiency for methanol yield on the four catalysts is in the following: Cu-MOR/g-C3N4-IE (25.9%) > Cu-MOR/g-C3N4-IM (23.3%) > Cu-MOR/g-C3N4-GR (17.5.%) > Cu-MOR/g-C3N4-HT (4.02%), and Cu-MOR/g-C3N4-IE has the highest photothermal catalytic synergistic effect. The stability test shows that the methanol yield on the four Cu-MOR/g-C3N4 catalysts did not change significantly during the 9-hour duration of the photothermal and thermal catalysis reaction, indicating that the catalysts are stable under both conditions.



Further investigation revealed that no catalytic activity was observed on Cu-MOR/g-C3N4-IE by photocatalysis (Figure S2), suggesting that methanol synthesis on Cu-MOR/g-C3N4 is a photothermal reaction. Moreover, the methanol yields on Cu-MOR/g-C3N4-IE, Cu-MOR/g-C3N4-IM, Cu-MOR/g-C3N4-GR and Cu-MOR/g-C3N4-HT after 9 h reaction are 1.67, 1.61, 1.59 and 1.42 μmol h−1 gcat−1 by thermal catalysis (Figure S3). Methanol yields on Cu-MOR/g-C3N4 are higher than that on Cu-MOR by thermal catalysis. In contrast, Cu-MOR did not exhibit photocatalysis activity for methanol synthesis (Figure S4), suggesting that g-C3N4 plays a crucial role in facilitating methanol production under photothermal catalysis. The reason is that C3N4 reduces O2 to ·O2−, and ·O2− transfers from carbon nitride to CuxOy−1 (eg. Cu3O2) [36]. Since the oxidation ability of ·O2− is greater than that of O2, the formation rate of Cu3O3 species using ·O2− as the oxidant is greater than that of Cu3O3 species using O2 as the oxidant. As a result, the methanol yield increased due to the addition of C3N4.



It is also found that methanol yields on Cu-MOR-IE are similar with and without visible light, indicating that Cu-MOR is not photocatalysis for methanol synthesis (Figure S4). Therefore, g-C3N4 not only improved the thermal catalytic activity of Cu-MOR but also facilitated the methanol yield under photothermal catalysis.




3. Discussion


3.1. Physical and Chemical Properties Characterizations


To investigate the effect of the preparation method on the structure of the Cu-MOR/g-C3N4 composite catalysts, XRD characterization of four catalysts is performed (Figure 2). Figure 2a shows the characteristic peaks of MOR at 9.8°, 13.5°, 19.7°, 22.4°, 25.8°, and 27.7° [37,38]. The SEM images also show that the samples (Figure S5) have the morphology of mercerized zeolite molecular sieve [39]. These results show that the skeleton structure and morphology of MOR unchanged with different preparation methods. The diffraction peaks of copper species are not observed in XRD spectrums of Cu-MOR-IE and Cu-MOR-IM due to the high dispersion of copper species within the MOR channels [40]. However, Cu-MOR-GR and Cu-MOR-HT exhibit a characteristic diffraction peak of CuO at 38.8° [41]. Previous studies have shown that CuO nanoparticles with large particle sizes do not function as active centers for methane conversion, and small CuxOy species in the channel of the zeolites are the active sites [42]. Consequently, the methanol yield of Cu-MOR/g-C3N4-GR and Cu-MOR/g-C3N4-HT have low yields of methanol. No diffraction peak of g-C3N4 is detected in four Cu-MOR/g-C3N4 catalysts, which indicated that g-C3N4 enters the MOR channel. The crystallinity of the four catalysts decreases after recombination with g-C3N4, and the weak peak of CuO of Cu-MOR/g-C3N4-GR and Cu-MOR/g-C3N4-HT becomes indistinct.



Figure 3 shows the N 1s XPS spectra of g-C3N4 and Cu-MOR/g-C3N4 prepared by different methods. N 1s of pure g-C3N4 is deconvoluted into two peaks. The first peak at 398.6 eV corresponds to C-N=C groups, and the second peak at 399.8 eV is assigned to N-(C)3 groups [43,44]. Compared to N 1s of pure g-C3N4, the binding energy of Cu-MOR/g-C3N4 shifts to the high binding energy (0.5 eV).



For Cu-MOR, the peak at the binding energy of ~933.7 eV represents Cu2+ in the channel of the molecular sieve (Figure 4), while the peak at the high binding energy (~935.1 eV) corresponds to hydrated Cu2+ [45]. The satellite peaks between ~939.0 and 946.0 eV also verify the existence of Cu2+ species. The shapes of satellite peaks are different, showing that the preparation methods affect the characteristics of the Cu species. For Cu-MOR/g-C3N4, the satellite peaks disappear, which is absence of hydrated Cu2+ due to the high calcination temperature (500 °C) [46,47,48]. In addition, the peak at ~933.7 eV shifts to low binding energy (~932.1 eV). Thus, the peak at 932.1 eV corresponds to low valence Cu [49]. However, the low content of Cu precludes the observation of Cu LMM peaks, making it impossible to verify the valence of Cu species by XPS. Based on the preparation process, we propose that Cu species is attributed to Cu+. It can be seen that the binding energies of Cu 2p3/2 (933.7~934.0 eV) of four Cu-MOR/g-C3N4 shift to low binding energy (932.1~932.6 eV) compared to Cu-MOR. Combined with the XPS results of N 1s, there is an interaction between Cu species and g-C3N4, and electrons transfer from g-C3N4 to Cu species [50,51].



The relationship between the copper loading of the catalyst and methanol yield is shown in Figure 5 and Table 2. Although Cu-MOR/g-C3N4-HT and Cu-MOR/g-C3N4-GR have high copper loadings, some Cu species of these two catalysts form CuO nanoparticles outside MOR channels (Figure 2), which are not the active sites for methane activation. Conversely, the Cu-MOR/g-C3N4-IE and Cu-MOR/g-C3N4-IM catalysts had a low copper content, but most of these Cu species are likely located within the channels of MOR thereby contributing to their relatively high methanol yields. Moreover, according to Groothaert et al. results, a Cu/Al ratio between 0.2 and 0.3 is favorable for methanol synthesis [52], so Cu-MOR/g-C3N4-IE with a Cu/Al ratio of 0.23 exhibits the highest methanol yield.



Previous results demonstrate that the N2 adsorption/desorption isotherms of Cu-MOR are between type I and IV isotherms with a slight secondary uptake [53,54], which contains a large number of micropores and a little mesoporous (type IV isotherms). Conversely, g-C3N4 shows a type IV isotherm, reflecting its mesoporous structure [36,55]. When the two materials were combined (Figure 6), the N2 adsorption/desorption curve failed to close at low pressure, indicating the entry of g-C3N4 into the micropores of Cu-MOR. The degree of micropore blockage within Cu-MOR varied depending on the preparation method, while the mesoporous nature of g-C3N4 remained constant. The number of micropores increased in the following order Cu-MOR/g-C3N4-HT < Cu-MOR/g-C3N4-GR < Cu-MOR/g-C3N4-IM < Cu-MOR/g-C3N4-IE, with the highest degree of pore infiltration observed in Cu-MOR/g-C3N4-IE. As the pore content decreased, methanol yield also gradually decreased. The reason is that the feed is difficult to enter the channel and contact with the active site when the pores of MOR are gradually blocked.




3.2. Photocatalytic Property


Figure 7 is the UV-vis DRS of Cu-MOR/g-C3N4 prepared by different methods. All the catalysts have absorption in the visible region. Compared with other catalysts, Cu-MOR/g-C3N4-GR shows the strongest broadband absorption owing to the formation of a Z-scheme CuO/g-C3N4 heterojunction outside the pore, which enhances light absorption [56,57]. Cu species outside the channels are not the active sites for methane conversion by photothermal catalysis or thermal catalysis, which explains the lower methanol production rate observed for Cu-MOR/g-C3N4-GR compared to that of Cu-MOR/g-C3N4-IE and Cu-MOR/g-C3N4-IM.



EIS is an effective tool to characterize the charge transfer and separation efficiency of photogenerated charge carriers in photocatalysis [58]. Cu-MOR/g-C3N4 prepared by different methods is characterized by EIS (Figure 8). The interfacial charge transfer resistances (Rct) in Table S1 are fitted from Nyquist plots using the equivalent circuit model in Zview software. It is found that the sequence of Rct is as follows: Cu-MOR/g-C3N4-IE < Cu-MOR/g-C3N4-IM < Cu-MOR/g-C3N4-GR < Cu-MOR/g-C3N4-HT. This order generally reflects the synergy efficiency between photothermal effects and photocatalytic performance. Specifically, lower Rct values indicate a higher charge transfer efficiency and better separation of electron-hole pairs [59,60]. Consequently, a smaller Rct is advantageous for achieving a higher methanol yield.



The PL spectrum shown in Figure 9 illustrates the photoluminescence spectra of Cu-MOR/g-C3N4 prepared by different preparation methods, the excitation wavelength is 270 nm. All of the catalysts exhibit strong PL intensity with a peak center of ~458 nm. A lower peak in the PL spectrum indicates a higher separation efficiency of photo-generated electrons and holes. However, it should be pointed out that the PL spectral peak of the catalyst prepared by the solid-state ion exchange method was the lowest, it did not match the EIS results. Based on the Kasha rule [61], non-radiative recombination dominates the recombination of photogenerated charges and holes in Cu-MOR/g-C3N4-GR.




3.3. Thermal and Photothermal Mechanism


g-C3N4 reduces O2 to ·O2- by photothermal catalysis [36]. Subsequently, this ·O2− species is transferred from g-C3N4 to CuxOy−1. The formation of active sites in CuxOy species occurs from the oxidation of CuxOy−1 species using O2/·O2− as the oxidant. Finally, methanol is observed through methane activation and stream extraction. However, Cu-MOR/g-C3N4-GR and Cu-MOR/g-C3N4-HT contain large particles of CuO, which is not the active site for methane conversion, unlike Cu-MOR/g-C3N4-IE and Cu-MOR/g-C3N4-IM. Moreover, the preparation methods have significant consequences on the number of micro-pores present in Cu-MOR/g-C3N4. As the content of pores decreases, it becomes increasingly difficult for the feed to enter the channels and interact with the active site, leading to a decline in methanol production (Figure 10).





4. Materials and Methods


4.1. Materials


All chemicals used were of analytical grade and were used as received without any further purification. The main materials used in this study were melamine (analytical pure, Aladdin, Shanghai, China), copper acetate (analytical pure, Tianjin Guangfu Technology Development Co., Ltd., Tianjin, China), mercerized zeolite (NH4-MOR, Si/Al = 25, Nankai University, Tianjin, China), acid silica sols (30%, Qingdao Haiyangchem Co., Ltd., Shandong, China), sodium aluminate (analytical pure, Aladdin, Shanghai, China), sodium hydroxide (analytical pure, Aladdin, Shanghai, China) and tetramethylammonium hydroxide (35%, analytical pure, Aladdin, Shanghai, China).




4.2. Preparation of the Catalysts


Cu-MOR was prepared by liquid phase ion exchange (IE) [13,47], isovolumetric impregnation(IM) [62], solid-state ion exchange(GR) [63], and hydrothermal synthesis(HT) [64]. which was named as Cu-MOR-IE, Cu-MOR-IM, Cu-MOR-GR and Cu-MOR-HT, respectively. The preparation method is as follows:



Liquid phase ion exchange: The NH4-MOR was placed in a muffle furnace and calcined in an air atmosphere at 500 °C for 8 h at a heating rate of 2 °C/min to obtain H-MOR; H-MOR was ion-exchanged with 0.01 M of Cu(CH3COO)2 solution for 24 h at room temperature, and the pH of the solution is controlled at 5.2~5.7 (adjust with ammonia 1 M). The samples were repeatedly washed and centrifuged with deionized water and finally dried at 80 °C for 12 h to obtain Cu-MOR-IE blue powder.



Isovolumetric impregnation: The preparation of H-MOR is consistent with the above method; The Cu(CH3COO)2 (0.01 M) solution was added drop by drop into H-MOR until Cu(CH3COO)2 solution could not be absorbed. After dropping, it was left at room temperature for 24 hours, and then vacuum-dried at 60 °C for 4 hours.



Solid-state ion exchange: The preparation of H-MOR was consistent with the above method; Equal masses of H-MOR and Cu(CH3COO)2·H2O powder was added to the mortar., mix and grind them to be uniform, then calcined in a muffle furnace at a heating rate of 2 °C/min in an air atmosphere at 500 °C for 8 hours to obtain Cu-MOR-GR blue powder.



Hydrothermal synthesis: Dissolve NaOH in deionized water, then add NaAlO2 and TEAOH then stir the above mixed solution for 30 min. When the solution was clarified, the acid silica sol was added drop by drop under vigorous agitation. After stirring for 30 min, Cu(CH3COO)2 (0.01 M) solution was added and stirred for 30 min. The above-mixed solution was aged at room temperature for 4 h, and then the solution was transferred to a 120 mL Teflon-lined autoclave and treated at 180 °C for 72 h. The samples were repeatedly washed and centrifuged with deionized water and dried at 80 °C for 12 h, finally, the sample was placed in a muffle furnace and calcined at a heating rate of 2 °C/min in an air atmosphere at 500 °C for 8 h to obtain Cu-MOR-HT blue powder.



Preparation of Cu-MOR/g-C3N4: Cu-MOR and melamine were dissolved in a certain ratio in 70 mL deionized water, stirred vigorously at 60 °C for 1 h, then transferred to a 100 mL Teflon-lined autoclave, and treated at 180 °C for 8 h. After washing and centrifugation with deionized water, the samples were dried at 80 °C for 12 h and then calcined at 500 °C for 2.5 h under N2 atmosphere at a heating rate of 2.5 °C/min to obtain Cu-MOR/g-C3N4 powder [65]. Four composite catalysts of Cu-MOR/g-C3N4 were named Cu-MOR/g-C3N4-IE, Cu-MOR/g-C3N4-IM, Cu-MOR/g-C3N4-GR and Cu-MOR/g-C3N4-HT.




4.3. Activity Test


0.1 g of catalysts were placed in a fixed reactor tube with an inner diameter of 6 mm and length of 450 mm. The catalyst was heated to 500 °C at a ramp rate of 10 °C/min under N2 atmosphere. Then catalyst was activated at an activation temperature of 500 °C by passing O2. Afterward, CH4/O2/H2O was introduced into the reaction at a reaction temperature of 200 °C, 1 atm and a ratio of 24/3/8. A 300 W Xeon lamp (CELHXF300-(T3), Aulight, Beijing, China) with suitable filters were used to obtain visible light (wavelength greater than 420 nm). The liquid products were detected using a gas chromatograph (Agilent 7890B, Santa Clara, USA) equipped with a flame ionization detector. The yield of the product was calculated as follows:


  Y i =   P i × V   M i × m c a t    








where Yi, Pi, V, Mi and mcat were the yield of component i, the mass concentration of component i, the volume of liquid phase received per hour, the molar mass of component i and mass of catalyst.


  Percentage =      Yield    photo - thermal       - Yield    thermal       Yield   thermal       








where Yieldphoto-thermal and Yieldthermal were photothermal catalytic methanol yield and thermal catalytic methanol Yield.




4.4. Catalyst Characterization


The X-ray diffraction (XRD) patterns were characterized by an X-ray diffractometer (MiniFlex‖ Rigaku, Tokyo, Japan) in the 2θ range of 5°–60° with Cu-Kα radiation (λ = 1.5418 Å, 40 kV and 40 mA). The step size was 0.02° and the scan rate was 8°/min. The samples were analyzed for physical and structural analysis using Jade software. The Brunauer–Emmett-Teller (BET) surface areas of the samples were measured with a physical adsorptiometer (NOVA 2000e Quantachrome, Boynton Beach, FL, USA) at −196 °C, using liquid nitrogen as adsorbent. Before the measurement, the samples were pretreated in a vacuum at 300 °C for 6 h. To characterize the morphology of the obtained samples, scanning electron microscopy (SEM) images were collected using a microscope (SU8010 Hitachi, Tokyo, Japan). The powder sample was ground before testing, then glued to a conductive adhesive and sprayed with gold to increase conductivity. X-ray photoelectron spectroscopy (XPS) measurements were performed at ESCALAB 250 (Thermo Fisher Scientific, Waltham, MA, USA), and all the XPS spectra were calibrated by C 1s at 284.6 eV. UV–Vis diffuse reflection spectroscopy (UV–Vis DRS) was performed on a PerkinElmer LAMBDA650 spectrophotometer using BaSO4 as the reference material. The content of elements in the sample was tested by ICP-OES (Agilent 7700, Santa Clara, CA, USA). For the test, first dilute the sample with 20 mL aqua regia, then heat the solution at 200 °C for 120 min to fully dissolve the sample and finally dilute it to 50 mL with distilled water. The electrochemical impedance spectroscopy (EIS) measurement was carried out at 25 °C in a standard three-electrode system using an Ag/AgCl electrode and a platinum sheet electrode as reference and counter electrode, a glassy carbon electrode coated with catalyst as working electrode and a 0.5 mol/L Na2SO4 solution as electrolyte. The EIS was performed in the frequency range of 0.1 Hz to 106 Hz with an applied AC voltage of 5 mV. A total of 8 mg catalyst was added to 180 μL of deionized water, 200 μL of ethanol and 20 μL of 0.5 wt% Nafion solution. An amount of 15 μL of the slurry was applied dropwise to the pre-treated wave carbon electrode after 30 min of sonication and dried at room temperature. The photoluminescence (PL) spectroscopy was investigated by using an RF-6000 (Shimadzu, Kyoto, Japan) and excited with a 270 nm laser.





5. Conclusions


The present study investigates the influences of various preparation methods including liquid phase ion exchange, isovolumetric impregnation, solid-state ion exchange, and hydrothermal synthesis, on the catalytic performance of Cu-MOR/g-C3N4 for the direct methanol synthesis from methane oxidation by photothermal catalysis. The correlation between their catalytic activity and several characterization techniques was analyzed. Cu-MOR/g-C3N4 prepared by the liquid phase ion exchange method exhibits the best catalytic activity (3.09 μmol h−1 gcat−1) and excellent stability during 9 h at 200 °C under visible light. The photothermal efficiency for methanol yield on the four catalysts was ranked in the order of Cu-MOR/g-C3N4-IE > Cu-MOR/g-C3N4-IM > Cu-MOR/g-C3N4-GR > Cu-MOR/g-C3N4-HT, while Cu-MOR/g-C3N4-IE displays the highest photothermal catalytic synergistic effect. XPS and EIS results confirm that the strong interaction between CuxOy species and g-C3N4, and small interfacial charge transfer resistance were in favor of methanol yield. Additionally, BET results reveal that excessive g-C3N4 blocked the channels of MOR, impeding the active site’s exposure to the feed, and eventually leading to decreased methanol yield. Therefore, it is evident that the structural features of Cu-MOR/g-C3N4 and the preparation method impact the catalytic performance. This work provides insights into the understanding and preparation of Cu-MOR/g-C3N4 as a high-performance photothermal catalyst using different methods.
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Figure 1. Methanol yield of Cu-MOR/g-C3N4 prepared by different methods of photothermal catalysis. 
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Figure 2. XRD of Cu-MOR (a) and Cu-MOR/g-C3N4 (b) prepared by different methods. 
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Figure 3. N 1s XPS spectrum of g-C3N4 and Cu-MOR/g-C3N4 prepared by different methods. 
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Figure 4. Cu 2p XPS spectrum of Cu-MOR and Cu-MOR/g-C3N4 prepared by different methods. (a) liquid-phase ion exchange; (b) isovolumetric impregnation; (c) solid-state ion exchange; (d) hydrothermal synthesis. 
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Figure 5. The relationship between copper content and methanol yield of Cu-MOR/g-C3N4 prepared by deferent methods. 
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Figure 6. N2 absorption-desorption isotherms of Cu-MOR/g-C3N4 prepared by different methods. 
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Figure 7. UV-vis DRS of Cu-MOR/g-C3N4 prepared by different methods. 
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Figure 8. Nyquist plot of Cu-MOR/g-C3N4 prepared by different methods. 
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Figure 9. PL spectra of Cu-MOR/g-C3N4 with different preparation methods. 
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Figure 10. Schematic of direct methanol oxidation synthesis from methane at photothermal catalysis on Cu-MOR/g-C3N4 prepared by different preparation methods. 
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Table 1. Methanol yield of Cu-MOR/g-C3N4 with different preparation methods under photothermal catalysis and thermal catalysis.
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Methanol Yield (μmol h−1 gcat−1)

	
Percentage




	
Photo-Thermal

	
Thermal






	
Cu-MOR/g-C3N4-IE

	
3.09

	
2.45

	
26.1%




	
Cu-MOR/g-C3N4-IM

	
2.59

	
2.10

	
23.3%




	
Cu-MOR/g-C3N4-GR

	
2.45

	
2.00

	
22.5%




	
Cu-MOR/g-C3N4-HT

	
1.57

	
1.50

	
4.67%
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Table 2. Copper content and Cu/Al of Cu-MOR/g-C3N4 with different preparation methods.
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	Catalyst
	Cu Content (wt%)
	Cu/Al





	Cu-MOR/g-C3N4-IE
	0.69
	0.23



	Cu-MOR/g-C3N4-IM
	1.03
	0.32



	Cu-MOR/g-C3N4-GR
	1.40
	0.76



	Cu-MOR/g-C3N4-HT
	2.19
	1.11
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